Abstract Foetal growth is particularly sensitive to the protein content of the mother's diet. Microarray data from the foetal liver of pregnant rats fed normal (HP) or reduced protein diets (LP) were compared by gene set enrichment analysis. Soluble proteins from a second portion of the liver were analysed by two-dimensional gel electrophoresis. Genes associated with progesterone, insulin-like growth factor-1 and vascular endothelial growth factor were upregulated in HP compared to LP, in addition to genes associated with cell differentiation and signalling from the extracellular matrix. In contrast, cytokine signalling was downregulated. Proteomics showed that proteins associated with amino acid metabolism, mitochondrial function and cell motility were differentially abundant in the HP compared to the LP groups. These growth factor and extracellular matrix signalling pathways linked to cell motility may be important mediators of the changes in liver structure that occur in utero and persist into adult life.
Introduction
Animal studies have shown that foetal growth is particularly sensitive to the nutritional status of the mother [18] . For example, a modest reduction in the protein content of the diet fed to the pregnant rat restricts the growth of the fetuses, producing irreversible changes in the ultrastructure of foetal organs including the liver [2, 15] . Systems biology approaches including transcriptomics and proteomics offer a unique opportunity to study the complex mechanisms regulating the interaction between maternal nutrition and organ growth in the foetus.
The liver is one of the most complex organs in the body, carrying out over 5,000 functions, including an important role in the regulation of protein and carbohydrate metabolism. Changes in hepatic growth during foetal stages may underlie the associations between poor development in utero and the increased risk of metabolic disease in adult life [5] . We have investigated the effects of a modest reduction in the protein content of the maternal diet on the relative abundance mRNAs (the transcriptome) and of soluble proteins (the proteome) of the foetal liver using the laboratory rat as an animal model.
Methods
All experimental procedures were approved by the ethical review committee of the Rowett Research Institute and conducted in accordance with the UK Animals (Scientific Procedures) Act 1986. Four groups of 12 female Rowett Hooded Lister Rats were randomly assigned to one of four experimental diets from approximately 8 weeks of age. The composition of the diets containing 18% (w/w) (HP group) or 9% (w/w) casein (LP group) and prepared with either corn or soya oil (7%, w/w) has been described previously [12] . After feeding the diets for approximately 2 weeks, the animals (body weight 200-250 g) were mated with normal males. On gestation day 21, dams were anesthetized, killed by cardiac puncture and rapidly dissected. After the fetuses were killed, tissues were rapidly removed, frozen in liquid nitrogen and stored at -80°C until required. Analyses of foetal liver were carried out on tissues from six female pups, one chosen randomly from each litter. Females were used as these were shown to be more affected in adult life [11] .
Microarray analysis of gene expression
A portion of the foetal liver was used for the preparation of total RNA using Trizol reagent (Sigma, Poole, Dorset, UK) and treated with DNAse as described previously [11] . All mRNA samples used had an RNA integrity number [8 (Agilent Bioanalyser) and sexing was verified by PCR [11] . Samples of RNA were hybridised to Affymetrix Rat Genome 230 2.0 microarrays (Affymetrix, Santa Clara, CA, USA, provided through the NuGO array pipeline) by ServiceXS (Leiden, the Netherlands).
Proteomic analysis of soluble liver proteins
Cytosolic proteins were isolated and separated as described previously [13] . Briefly, a second portion of the foetal liver used for mRNA preparation was homogenised and centrifuged at 100,0009g. Proteins in the supernatant were separated in the first dimension on BioRad immobilized pH gradient (IPG) strips (pI [3] [4] [5] [6] [7] [8] [9] [10] and in the second dimension on an 18 9 18 cm linear SDS polyacrylamide gradient at 200 V for 9.5 h. Gels were stained with colloidal coomassie brilliant blue, dried and scanned. Spots of interest were excised, digested with trypsin and the identities were determined by MALDI-TOF or LC/MS/MS mass spectrometry.
Statistical analysis
The data generated by the microarrays were analysed using the MadMax suite of programmes (https://madmax. bioinformatics.nl). All of the data met the appropriate quality control criteria and were normalised using the GCRMA (slow) programme. Relative changes in mRNA levels were determined using Linear Models for Microarray Data (LIMMA) module of GenePattern [16] . Analysis of the pathways involved was carried out using the GSEA programme [17] .
The images of the two-dimensional SDS-PAGE gels of soluble proteins were analysed using PDQuest software (v7 BioRad, Hemel Hempstead, UK). Normalised spot densities were analysed by two-way ANOVA for the effects of protein, oil and interactions (Genstat7). Peptide mass list profiles were analysed using the Matrix Science 'Mascot' web tool (http://www.matrixscience.com). A mascot score of at least 50 with 20% matched peptides (p \ 0.05) covering at least 10% of the protein sequence was required for a positive identification.
Results
Maternal live weight gain was reduced in animals fed the low protein diet and the effect was greater in corn compared to soya oil diets (Table 1 ). In contrast, foetal growth was more sensitive to protein restriction and was unaffected by the oil type. The protein and oil in the diet did not affect litter size. Combining the data from the corn and soya oil groups showed that feeding the dam with an LP diet reduced the weight of the foetal liver by approximately 8%, similar to the change reported previously [15] . Therefore, data from both corn-and soya oil-based diets were combined and analysed with respect to the protein content (HP or LP) of the maternal diet.
Transcriptome
Following normalisation, a total of 11,426 mRNAs were above the background level and expressed in foetal liver. Of these, 154 were upregulated and 15 downregulated in the LP group when compared to the HP group. The top 12 Table 2 . There were two pathways that were downregulated (nominal p \ 0.005).
Proteome
Approximately, 900 discrete spots were identified on the two-dimensional SDS-PAGE gels of soluble proteins from the foetal liver. Analysis of the spot densities by two-way ANOVA identified 31 spots (p \ 0.05), 15 upregulated and 17 downregulated in LP compared to HP. The identities of the proteins more abundant in the HP compared to the LP group, the fold changes and their possible functions are shown in Table 3 . The proteins more abundant in the LP group compared to the HP group are shown in Table 4 .
Discussion
Comparing the relative abundance of mRNAs and proteins gives an overall view of the processes taking place during hepatic development. Importantly, the two methods provide complementary information. GSEA of the microarray data gives a sensitive measurement of changes in the expression of related genes. It is important to bear in mind that although the two-dimensional SDS-PAGE analysis of proteins in the soluble fraction is not as sensitive as the transcriptome analysis, it does provide additional information on processes that do not depend on gene transcription. A change in the relative abundance of a given soluble protein spot on the gel is not necessarily accompanied by a change in the total abundance of that protein or in the corresponding mRNA. For example, post-translational modification of proteins may produce isoforms with The mean pixel density (n = 6) in each group, analysed by two-way ANOVA, and the p value for protein (n = 12) are shown. Fold change calculated from the mean pixel density The mean pixel density (n = 6) in each group, analysed by two-way ANOVA, and the p value for protein (n = 12) are shown. Fold change calculated from the mean pixel density different cellular functions. There is also a redistribution of some proteins between soluble cytosolic forms and insoluble membrane or organelle bound forms. This extra information gives insights into cellular functions carried out by mitochondria, intracellular membranes and the cytoskeleton. There is a highly significant upregulation of genes related to progesterone signalling in the HP compared to the LP livers (FWER \ 0.05). This indicates an important role for this hormone in response to an increase in maternal protein intake. Previous studies have shown that progesterone levels are reduced in the maternal circulation of dams fed low protein diets [4] . Other signalling molecules identified by GSEA are insulin-like growth factor (IGF) and vascular endothelial growth factor (VEGF), both of which are known from gene deletion studies to play essential roles in development [8, 9] . In addition, there is downregulation of cytokine signalling in the LP group. It is not clear whether these are all systemic changes or whether they also reflect local cell-cell interactions. Other pathways identified by GSEA suggest that the protein content of the maternal diet modifies cell differentiation in the foetal liver. Interactions between cells and the extracellular matrix are important elements of signalling between the different cell types that make up the developing liver. Network analysis using the GeneGo programme (http:// www.genego.com) suggested that a number of intracellular protein kinase cascades (JAK2, IRF9, ISGF3, NF-kB p65/p65, ActRIIA) are involved but unfortunately the present data do not allow us to establish which signalling pathways are active in which cells.
The changes in amino acid metabolism and mitochondrial function identified in the proteome of the foetal liver can be linked to the signalling pathways identified in the transcriptome by GSEA. For example, the peroxisome proliferator-activated receptor gamma coactivator-1alpha (PGC-1alpha) is a major candidate gene for diabetes-related metabolic phenotypes as it regulates multiple aspects of cellular energy metabolism, including mitochondrial biogenesis, hepatic gluconeogenesis, and the beta-oxidation of fatty acids through its interactions with a variety of transcription factors [19] . Progesterone signalling is also associated with metabolic changes, decreasing the rates of lipid synthesis in foetal hepatocytes [10] . Thus, changes in proteins involved in lipid metabolism in the foetus may be a consequence of altered progesterone.
With the present data set, it is still difficult to separate changes that are direct consequences of a change in the metabolite supply from those that are indirectly caused by other factors such as IGF signalling. The foetus and its placenta do not require positive growth factors from the mother, suggesting that the nutrient supply generates signals that regulate foetal growth [14] . Mammalian cells mount an active response to amino acid deficiency in vitro [1, 6] ; however, these well-characterised signalling pathways are not represented in the GSEA. This would be consistent with the observation that protein deficiency leads to the mobilisation of maternal proteins, maintaining amino acid concentrations in maternal and foetal sera leading to only minimal changes in the supply of amino acids delivered via the placenta [15] . These compensatory changes in metabolism are reflected in the differential abundance of a number of proteins associated with amino acid metabolism. However, the present data do not exclude a role for the amino acid sensitive pathways, especially in other foetal tissues where they may modify the production of systemic factors regulating organ growth. For example, the insulin-like growth factor binding proteins (IGFBPs) are believed to be involved in reducing the level of IGF-1 in the foetal plasma of rats fed low protein diets [3] . Inspection of the array data suggests that the mRNAs for both IGFBP-4 and IGFBP-6 tend to be elevated in the foetal liver (both p = 0.066), whereas IGF-1 is unchanged (p = 0.3). The present results cannot rule out the possibility that IGF-1 and its binding proteins are produced by other foetal tissues under the control of elements which respond to the amino acid supply. These inter-organ interactions illustrate one of the deficiencies of this analysis and further studies are required to elucidate the interaction between nutrient supply and the expression of IGF and its binding proteins.
The changes in pathways associated with cell-cell signalling and motility suggest that tissue remodelling is also taking place. This appears to involve both Erk and MAP kinase signalling. Cell motility mediated by the extracellular matrix has a key role in developing the threedimensional structure of the liver. Because periportal hepatocytes around the afferent vessels have different metabolic capacities compared to the perivenous hepatocytes around the efferent vessels, a change in structure may alter function. Hepatocytes in the periportal zone are mainly involved in oxidative energy metabolism, gluconeogenesis, urea synthesis and bile formation, while glycolysis linked to liponeogenesis is carried out by hepatocytes in the perivenous zone [7] . The changes in the extracellular matrix are also affect vascularisation mediated through VEGF signalling, modifying blood flow through the adult organ. Together, all of these changes in the three-dimensional structure may have long-lasting effects on the essential metabolism of the liver.
